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A systematic treatment of graphene-semiconductor junction is presented. Finite density of states
at the Fermi level of graphene leads to exotic electronic properties at graphene-semiconductor inter-
face. Quite generally, the Schottky-Mott limit and the sum rule of barrier heights are violated due
to the internal potential of graphene. By merging the principal characteristics of semiconductor-
semiconductor and metal-semiconductor junctions, the graphene-semiconductor contact may be
considered as an archetype of unprecedented semimetal-semiconductor junction. Generalized inter-
face equations disclose the coupling of junction characteristics with the density of charge carriers in
graphene. It will be shown that the well-known effect of tunable barrier height is directly related to
the junction capacitance. Furthermore, the relative impact of image-force effect in the presence of
barrier tunability is investigated. Experimental methods to gain built-in potential, barrier height,
and capacitance of the junction are discussed in detail. Also the development of strong inversion
layer at the interface of graphene-silicon samples is uncovered by analyzing experimental data.
I. INTRODUCTION
Integrating graphene and related two-dimensional
(2D) materials into silicon technology is expected to ad-
dress a considerable share in the next generation of elec-
tronic and optoelectronic devices [1]. Regarding the de-
mand for nano-size dimensional scaling, two-dimensional
materials with outstanding structural and electronic po-
tentials promise new device concepts with upgraded per-
formance beyond those running the existing technol-
ogy. Incorporating graphene into complementary metal
oxide semiconductor (CMOS) technology [2] and inno-
vative graphene/semiconductor hybrid devices such as
gate tunable Schottky barrier diodes [3, 4], as well as
graphene/silicon rectifiers [5–7], optical detectors [8–12],
and solar cells [13–16] may be considered as the prelimi-
nary building blocks of upcoming semiconductor technol-
ogy. The integration of 2D and 3D materials also release
new physical concepts on the nature of contact [17] and
charge carrier transfer at 2D/3D interface [18–25]. Like-
wise, bias modulation of barrier height [9, 26, 27] and
self-gating effect [28] at graphene-semiconductor contact.
As an essential ingredient of 2D-3D integration, under-
standing the interface physics at graphene-semiconductor
contact is of great importance. In addition, accurate de-
scription of junction properties is vital for develop new
device concepts based on graphene-semiconductor junc-
tion. From a general perspective, this junction may be
handled in a way akin to the standard model of metal-
semiconductor contact. However, finite density of states
in the vicinity of Dirac point makes graphene Fermi level
very sensitive upon close proximity to other semiconduc-
tors. This in turn leads to the emergence of exotic elec-
tronic properties at the interface.
The fundamental dissimilarity between metal-
semiconductor and graphene-semiconductor contacts
∗ m javadi b@ut.ac.ir
can be understood as follows. When a metal makes
contact with a semiconductor, an ohmic or rectifying
(Schottky) junction may be developed at the interface.
The necessary condition for the formation of Schot-
tky junction on a n-type (p-type) semiconductor is
qφm > qφs (qφm < qφs) where qφm and qφs are the
work functions of metal and semiconductor, respectively
(q is the elementary charge). Under an ideal condition
(Schottky-Mott limit), the barrier height for charge in-
jection from metal into n- and p-type semiconductors is
given by qϕBn = q(φm−χ) and qϕBp = Egap−q(φm−χ)
where qχ and Egap are electron affinity and band gap
energy of the semiconductor [29]. In thermal equilib-
rium, a built-in potential of ψbi = |φm − φs| is developed
across the junction. The variation of metal Fermi level
upon junction formation (due to charge exchange with
semiconductor) is proportional to δEF /EF ∝ N/n [5],
where N ∼ 1013 − 1018 cm−3 is the concentration of
dopants in semiconductor. Because of the high density of
charge carriers in metal (n∼1022 cm−3), the Fermi level
does not vary, and hence, the entire built-in potential is
established at the semiconductor surface.
A major difference between graphene (as a semimetal)
and a normal metal is that the density of states at
Fermi level of the former is vanishingly small. Owing
to this property, the process of charge exchange upon
contact formation with a semiconductor would alter
the Fermi level of graphene. In other words, the Fermi
level in graphene-semiconductor system is different than
the Fermi level of isolated graphene. Likewise, when
an external bias voltage is applied to the graphene-
semiconductor system, the graphene Fermi level shifts
with respect to its equilibrium position. This effect
causes modifications in the built-in potential distribu-
tion, barrier height, and capacitance of junction.
This study provides a systematic assessment of junction
properties at ideal graphene-semiconductor contact.
Basic energy relations as well as major electronic
characteristics are presented and differences with the
conventional metal-semiconductor contact are addressed.
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FIG. 1. Energy-band diagrams at graphene−n-type semiconductor interface: (a) graphene and semiconductor as separate
(isolated) systems, (b) connected into a unit system at thermal equilibrium, (c) at forward bias, and (d) at reverse bias.
Various parameters are as follows. Evac: vacuum level; qφg and EF,g: work function and Fermi level of isolated graphene;
qφs, qχ, Ei, EF,s, EC , EV , and Egap: work function, electron affinity, intrinsic Fermi level, (extrinsic) Fermi level, conduction
band edge energy, valance band edge energy, and band gap of the semiconductor, respectively.
Junction properties in the various limits of undoped,
doped, and highly-doped graphene are also investigated.
For the sake of practical illustrations, the model is ap-
plied to graphene-silicon contact. The relative influence
of image-force effect on the barrier tunability as well as
various phases of depletion, weak inversion, and strong
inversion at graphene-silicon interface are presented.
II. ENERGY RELATIONS
Energy-band diagrams of an isolated graphene and a
n-type semiconductor are shown in Fig. 1(a). We will
consider non-ohmic contact where the work function of
isolated graphene (qφg) is higher than that of the semi-
conductor. When the two systems are brought together
so that the gap between them is small enough to be trans-
parent to charge carriers, electrons will flow from the
semiconductor into graphene in order to line up Fermi
level through the whole system. This charge flow is fi-
nally quenched by an internal (built-in) potential devel-
oped at the interface. Because of the finite density of
states in the vicinity of Dirac point, this charge transfer
would alter the Fermi level of graphene from its previous
position in the isolated system. Indeed, when graphene
makes contact with a n-type semiconductor, its work
function decreases relative to the work function of the
isolated graphene. Assuming a net change of q∆φg, from
the energy-band diagram shown in Fig. 1(b)
qφ∗g = q(φg −∆φg) , (1)
where qφ∗g is the work function of graphene in the
graphene-semiconductor system (superscript asterisk is
used to clarify parameters related to the graphene-
semiconductor system in the whole manuscript). The
barrier height at the interface is given by
qϕ∗Bn = q(φ
∗
g − χ) = q(φg − χ)− q∆φg . (2)
Alternatively, the barrier height is also given by
qϕ∗Bn = q(ψbi,s + φn) , (3)
where ψbi,s is built-in potential developed at the semicon-
ductor surface and qφn = q(φs − χ). Eliminating qϕ∗Bn
from Eq. (2) and Eq. (3), the total built-in potential is
obtained as
ψbi ≡ φg − φs = ψbi,s + ∆φg . (4)
In this regard, the net change in the work function of
graphene can be considered as a part of the total built-
in potential that is dropped across graphene layer, i.e.
∆φg = ψbi,g. Eq. (2) highlights one of the main out-
comes of finite density of states in graphene: the equi-
librium barrier height at graphene-semiconductor inter-
face is generally smaller, by an amount of qψbi,g, when
compared with a normal metal-semiconductor junction
qϕ∗Bn = qϕBn − qψbi,g.
Similarly, when graphene makes non-ohmic contact
with a p-type semiconductor (qφg < qφs), the equilib-
rium condition of Fermi level alignment is fulfilled by
the transfer of positive carriers (holes) from semicon-
ductor into graphene. In this case, the work function
of graphene in the graphene-semiconductor system in-
creases relative to the work function of isolated graphene.
In the same manner of n-type semiconductor, the elec-
tronic energy relations for graphene−p-type semiconduc-
tor junction may be obtained as
qφ∗g = qφg + qψbi,g , (5a)
qϕ∗Bp = Egap − q(φg − χ)− qψbi,g , (5b)
ψbi = φs − φg = ψbi,s + ψbi,g . (5c)
As another basic difference, it is worth to note that for
the metal-semiconductor junctions the sum of barrier
heights on n-type and p-type semiconductors is equal to
the band gap of semiconductor qϕBn + qϕBp = Egap.
This sum rule is normally robust against non-ideal fac-
tors such as interface states [29, 30]. In comparison, at
graphene-semiconductor interface by combining Eq. (2)
and Eq. (5b) we obtain
qϕ∗Bn + qϕ
∗
Bp = Egap − 2qψbi,g . (6)
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FIG. 2. (a) Work function and Fermi level of isolated
graphene. (b-d) Fermi level shift upon junction formation
with a n-type semiconductor when the isolated graphene is
(b) n-doped, (c) p-doped and the contact formation does not
affect doping polarity of graphene, and (d) same as previous
but the transferred charge changes the polarity of graphene.
Hence, the sum rule of barrier heights on n- and p-type
substrates is smaller than the band gap energy (by an
amount of 2qψbi,g). This conclusion is observed experi-
mentally, for example see Ref. 6.
III. BUILT-IN POTENTIAL
From energy perspective, the built-in potential of
graphene is given by the Fermi level shift (Fig. 1(b))
qψbi,g = |∆EF,g| =
∣∣E∗F,g − EF,g∣∣ , (7)
where EF,g is the Fermi level of isolated graphene. It is
convenient to define Fermi level with respect to the band-
crossing point. As schematically shown in Fig. 2(a), the
work function of graphene may be written as
qφg = qφ
o
g + pg |EF,g| , (8)
where qφog is the work function of neutrality point and
pg = ±1 shows the doping polarity of graphene (+1 for p-
doped and -1 for n-doped). The same convention will also
be used to clarify the doping of semiconductor (ps = ±1).
Within the framework of Dirac cone approximation,
the Fermi energy may be written as EF,g = ~vF
√
pin
[31, 32], where vF and n are the Fermi velocity and
charge carrier density of isolated graphene, respectively.
Upon junction formation, a charge density of ∆n = Nw
will be transferred form the semiconductor into graphene.
Here, N and w are the concentration of dopants and the
width of depletion region at the semiconductor surface.
Fig. 2(b-d) shows all possible scenarios for the shift of
Fermi level upon contact formation with a n-type semi-
conductor. For an isolated n-doped graphene (Fig. 2(b)),
the built-in potential is given by (pg = −1, ps = −1)
qψbi,g = ~vF
√
pi(n+Nw)− ~vF
√
pin . (9)
The polarity of p-doped graphene may be altered upon
contact formation with a n-type semiconductor. The fi-
nal polarity critically depends on the ratio of n/(Nw).
For n/(Nw)>1 the polarity of graphene in the graphene-
semiconductor system would be the same as of the iso-
lated graphene (p∗g = pg, Fig. 2(c)). On the other hand,
for n/(Nw)<1 the polarity would flip as a result of con-
tact formation (p∗g = −pg, Fig. 2(d)). In this case, the
internal potential is given by (pg = +1, ps = −1)
qψbi,g = ~vF
√
pin−
sgn(n−Nw)~vF
√
pi |n−Nw| , (10)
where sgn(x) is the sign function. Similar scenarios can
be written for graphene−p-type semiconductor interface.
Gathering all the possible scenarios into a single equa-
tion, the graphene built-in potential is given by
qψbi,g = pgs~vF
√
pin
(
ζ
√∣∣∣∣1 + pgsNwn
∣∣∣∣− 1
)
, (11)
where pgs = pgps and the pre-factor ζ is defined as
ζ =
{
1 pgs = +1
sgn(n−Nw) pgs = −1 . (12)
From Eq. (11) it is obvious that the only missing param-
eter is the width of depletion region (w). It is necessary
to note that owing to the atomic thickness of graphene
as well as its semi-metallic nature, the depletion region
is thoroughly developed at the semiconductor surface.
Utilizing Poisson equation, the built-in potential of semi-
conductor is related to the depletion width through
qψbi,s =
q2Nw2
2s
, (13)
where s is the dielectric constant of semiconductor.
Now, the width of depletion region can be obtained by
combining Eqs. (4), (5c), (11), and (13)
qψbi = q |φg − φs| (14)
= pgs~vF
√
pin
(
ζ
√∣∣∣∣1 + pgsNwn
∣∣∣∣− 1
)
+
q2Nw2
2s
.
Note that the work function of semiconductor (qφs) is
determined from the concentration of dopants (see Ap-
pendix A). Hence, the junction properties at graphene-
semiconductor interface is thoroughly determined by the
density of carriers in the isolated graphene and the con-
centration of dopants in the semiconductor. Eq. (14)
may be solved numerically to find the width of depletion
region which in turn may be used to determine the built-
in potential of graphene [Eq. (11)]. Fig. 3(a) represents
the results of numerical calculations for graphene-silicon
contact over the broad range of carrier concentration and
various selections of doping polarities. Note that the con-
centration of holes is shown by negative values. Also note
that the experimental accessible values of n is fairly be-
tween n ≈ 109 - 1013 cm−2 (intrinsic density of charge
carriers at room temperature is n = 9× 1010 cm−2 [33]).
The values beyond this interval are shown for the purpose
of symmetry illustration.
Before to proceed further, it is worth to mention that
since built-in potential is developed at the both sides of
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FIG. 3. (a) Equilibrium (zero-bias) built-in potential energy of graphene at graphene-semiconductor system. The white dash-
lines represent thermal energy level at room temperature (kT = 26 meV ). Polarity convention is shown in the right upper panel
where the first (second) letter represent the polarity of graphene (semiconductor). Electronic properties of crystalline silicon
are used for the semiconductor side and the work function of undoped graphene is assumed as qφog = 4.6 eV (see Appendix C).
(b) The dependence of ψbi,g on the polarity of graphene and semiconductor (pgs). (c) Density of charge carriers in graphene
following contact formation versus the density of carriers in isolated graphene.
junction [Eq. (4)], form energy perspective the graphene-
semiconductor interface is similar to semiconductor-
semiconductor junction (e.g. a p-n junction). On the
other hand, from the depletion region view, since this
zone is exclusively developed at the semiconductor side,
the graphene-semiconductor interface resembles a Schot-
tky or metal-semiconductor junction. In this regard, the
graphene-semiconductor contact combines the basic fea-
tures of the both types of junctions and it is meaningful to
refer it as semimetal-semiconductor junction. However,
we note that the junction at graphene-semiconductor in-
terface may be classified as semimetal-semiconductor or
metal-semiconductor junction depending on n and N .
The justification parameter is the internal potential of
graphene. As far as a non-negligible built-in poten-
tial is developed across graphene layer, the contact is
identified as semimetal-semiconductor junction. On the
other hand, for a negligible ψbi,g the interface is catego-
rized under metal-semiconductor junction. In Fig. 3(a),
the magnitude of qψbi,g with respect to the thermal en-
ergy at room temperature is used to separate the two
junction phases at equilibrium graphene-silicon interface.
For undoped/lightly-doped silicon (N < 1014 cm−3),
the interface behaves like a normal metal-semiconductor
junction. For the higher dopant concentrations (N >
1014 cm−3) and n < 1013 cm−2, the interface turns into
the semimetal-semiconductor junction. As expected, the
graphene-silicon contact tends to metal-semiconductor
junction with the increment of charge carrier density in
the isolated graphene.
The doping polarity of graphene and semiconductor
have a critical role in the magnitude of ψbi,g. For the
identical polarities pgs = +1, the Fermi level of graphene
shifts away from the band-crossing point upon contact
formation. In contrast, for pgs = −1 the shift direc-
tion is toward Dirac point with vanishingly small den-
sity of states which results in a quick variation of EF,g,
and hence, a substantial increment of ψbi,g. In the latter
case, there is a critical density of charge carrier in the iso-
lated graphene (nc) below which the polarity of graphene
would flip upon junction formation, i.e. p∗g = −pg = ps
[Fig. 2(d)]. The corresponding points of polarity flip
are shown by filled circles in Fig. 3(b). In the case of
graphene-silicon contact and for the dopant concentra-
tions of N = 1015, 1016, and 1017 cm−3, the critical
densities are obtained as nc = 6 × 1010, 2 × 1011, and
7× 1011 cm−2, respectively (Fig. 3(c)).
We note that for specific pg and n, the internal poten-
tial of graphene may be different on n-type and p-type
semiconductors (see Eq. (11) and Fig. 3(b)). In this re-
gard, the sum rule of barrier heights [Eq. (6)] may be
written in a more general form as
qϕ∗Bn + qϕ
∗
Bp = Egap − q(ψnbi,g + ψpbi,g) , (15)
where ψnbi,g and ψ
p
bi,g denote the built-in potential of
graphene on n-type and p-type substrates. Eq. (15) re-
5duces to Eq. (6) for undoped graphene (see Fig. 3(b)).
It is also worth to mentioned that the work function
of undoped graphene matches very well with the in-
trinsic Fermi level of silicon (the middle of band gap)
which is the reason for symmetrical distribution of qψbi,g
shown in Fig. 3(a). The distribution is less symmet-
ric and asymmetric at graphene-GaAs (qχ = 4.07 eV ,
Egap = 1.42 eV ) and graphene-Ge (qχ = 4.00 eV ,
Egap = 0.67 eV ) contacts, respectively.
IV. TWO SPECIAL LIMITS
It is constructive to consider two extreme limits,
namely the case of undoped graphene (n  Nw), and
the other limit of doped graphene where the density of
charge carriers in the isolated graphene is much higher
than the density of transferred charge due to junction
formation (n  Nw). Let us to consider the limit of
doped graphene first. This case is often the dominant
situation in most practical samples where a chemical va-
por deposited (CVD-grown) graphene is transferred onto
the semiconductor surface by wet-methods [34]. The val-
idation domain of n Nw is justified in Appendix B.
Doped graphene is characterized by ζ = 1 and p∗g = pg.
In this case, Eq. (11) can be approximated as
qψbi,g =
q2
g
λgNw , (16)
where g is the dielectric constant of graphene and λg is
the Thomas-Fermi length of charge carriers in isolated
graphene
λg =
g
q2
∂µ
∂n
=
g
2q2
~vF
√
pi
n
, (17)
with µ ≡ EF,g. Eq. (14) reduces to a quadratic equation
whose solution is given by
w =
√
(
s
g
λg)2 +
2sψbi
eN
− s
g
λg . (18)
This equation shows that depletion width at the
graphene-semiconductor contact is coupled to the screen-
ing length of charge carriers in graphene. We note that
Eq. (18) is indeed a generalization of depletion width at
metal-semiconductor junction. At the limit of highly-
doped graphene, Thomas-Fermi length vanishes λg → 0,
and the depletion width is given by the conventional
equation of w =
√
2sψbi/(qN).
For the case of undoped graphene (n  Nw, pg =
undefined), Eq. (11) reduces to
qψbi,g = ~vF
√
piNw . (19)
In this limit, the polarity of graphene after contact for-
mation is determined by the doping polarity of the semi-
conductor (p∗g = ps). Eq. (14) for the width of depletion
region may be written as
w2 + c1
√
w − c2 = 0 , (20)
where c1 and c2 are positive constants given by
c1 =
2s~vF
q2
√
pi
N
, (21a)
c2 =
2sψbi
qN
. (21b)
Eq. (20) can be solved numerically or by graphical inter-
section of x4 and c2 − c1x curves (x =
√
w). However,
we note that following contact formation the Fermi level
of graphene is given by E∗F,g = ~vF
√
pin∗ with n∗ = Nw.
By introducing extrinsic Thomas-Fermi length as
λ∗g =
g
2q2
~vF
√
pi
Nw
, (22)
the built-in potential of graphene [Eq. (19)] may be
rewritten in the form
qψbi,g = 2
q2
g
λ∗gNw . (23)
Accordingly, Eq. (20) can be converted into
w2 + 4(
s
g
λ∗g)w −
2sψbi
qN
= 0 , (24)
which leads to
w =
√
(2
s
g
λ∗g)2 +
2sψbi
qN
− 2 s
g
λ∗g . (25)
It is noted that Eq. (23) and Eq. (25) are identical to the
counterpart equations of doped graphene (Eq. (16) and
Eq. (18)) where λg is replaced with 2λ
∗
g.
V. JUNCTION CAPACITANCE
Under external bias voltage (V ), the width of depletion
region and hence the amount of space-charge at the sur-
face of semiconductor would vary. This in turn changes
the density of charge induced into graphene which means
that the built-in potential of graphene would also vary
with the bias voltage. As is depicted in Fig. 1(c), un-
der forward bias the width of depletion region decreases
leading to the increment of graphene Fermi level with
respect to the equilibrium condition. An opposite sit-
uation is occurred under reverse bias (see Fig. 1(d)).
The net effect of external bias voltage on the junction
properties can be taken into account by substituting ψbi
with ψbi − V − kT/q. The last term (kT/q) comes
from the majority carrier tail near the edge of deple-
tion layer [29]. For the two special limits discussed above
6(Eq. (18) and Eq. (25)), the depletion width at graphene-
semiconductor contact can be written in the form
w =
√
(
s
g
Lg)2 + 2s
qN
(ψbi − V − kT
q
)− s
g
Lg , (26)
where Lg is given by
Lg =
{
2λ∗g undoped graphene
λg doped graphene
. (27)
The differential capacitance may be obtained from C =
dQsc/dV , where Qsc = |qNw| is the space-charge per
unit area. Utilizing Eq. (26), the junction capacitance is
obtained as
C =
[
(
1
g
Lg)2 + 2
qsN
(ψbi − V − kT
q
)
]−1/2
. (28)
It is a common practice to extract junction properties
from the slope and intercept of C−2 versus V data. At
graphene-semiconductor contact we get
C−2 =
{(Lg
s
)2
+
2
qsN
(
ψbi − kT
q
)}
− 2
qsN
V. (29)
The main difference between Eq. (29) and its counter-
part equation for the metal-semiconductor junction is the
presence of graphene capacitance in the intercept term
(curly brackets). Accordingly, the equilibrium capaci-
tance may be written as
C−2 = C−2g + C
−2
D , (30)
where Cg = g/Lg is the capacitance of graphene and
CD = [qsN/(2(ψbi − kT/q))]1/2 is depletion layer ca-
pacitance per unit area. We note that Cg becomes
increasingly important at the low densities of carrier
in graphene-semiconductor system (n∗ < 1010 cm−2).
In the limit of highly-doped graphene, Lg → 0 and
the intercept is given by the conventional formula of
2(ψbi − kT/q)/(qsN).
In practice, the barrier heights at graphene-
semiconductor junction extracted from C-V measure-
ments are found to be higher than those obtained from
current versus temperature (Richardson) measurements
[26, 35–38]. These studies had utilized the conven-
tional metal-semiconductor model to interpret experi-
mental data. Now, it can be verified that there are two
reasons for the observed discrepancy. First, in the previ-
ous experiments the role of graphene capacitance was not
considered and hence total built-in potential was overes-
timated [Eq. (29)]. Second, the relation between bar-
rier height and built-in potential at metal-semiconductor
junction is given by
qϕBn = qψbi + qφn , (31)
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FIG. 4. Equilibrium barrier height (ϕ∗B/ϕB) versus (left)
the density of charge carrier in isolated graphene and (right)
the concentration of dopants in semiconductor.
whereas at graphene-semiconductor interface by combin-
ing Eq. (3) and Eq. (4) we obtain (see Fig. 1(b))
qϕ∗Bn = q(ψbi − ψbi,g) + qφn , (32)
which means that the internal potential of graphene
was ignored in the calculation of barrier height. In the
most practical situations, the contribution of Cg in the
junction capacitance is small and the latter effect is re-
sponsible for the overestimation of barrier height. The
comparison of Eq. (31) with Eq. (32) shows that un-
der an ideal condition the difference between the bar-
rier heights extracted from C-V [Eq. (31)] and current-
temperature measurements is equal to the built-in poten-
tial of graphene. However, the accurate interpretation of
C-V data is provided by Eq. (29) and Eq. (32).
VI. BARRIER HEIGHT
A. Equilibrium
Following the discussions given in sections II and V, the
barrier height at graphene-semiconductor contact may be
written in a general form
qϕ∗B(V ) = qϕB − q∆ϕB(V ) , (33)
where qϕB is barrier height in the Schottky-Mott limit.
Neglecting image-force effect, q∆ϕB(V ) = q∆φg(V )
which is given by Eq. (11). Fig. 4 represents equilib-
rium (zero-bias) barrier height at graphene-silicon inter-
face calculated through numerical solution of Eq. (14).
The barrier height at graphene-semiconductor contact
is generally smaller than the Schottky-Mott limit. The
deviation increases with (i) decreasing the density of
charge carrier in isolated graphene, and (ii) increasing
the concentration of dopants in semiconductor. Only in
the limit of highly-doped graphene (n ∼ 1013 cm−2 or
EF,g >300 meV ), the barrier height approaches to the
Schottky-Mott limit. In addition, the magnitude of devi-
ation for junctions with diverse polarity of graphene and
7semiconductor pgs = −1 is higher than the junctions with
identical polarities pgs = +1 (see section III). Also the
deviation from Schottky-Mott limit for pgs = −1 could be
higher than the undoped graphene due to the polarity flip
effect (see right panel of Fig. 4). In practice, CVD-grown
graphene layers often display p-type character (pg = +1)
with Fermi level ranging between EF,g ≈ 50 − 200 meV
(n ≈ 2 × 1011 − 2 × 1012 cm−2). Hence, the deviation
of realistic graphene−p-Si samples from Schottky-Mott
limit is less than the graphene−n-Si samples. Although
the practical deviation is around 0.85 - 0.95, it has a high
impact on the reverse saturation current.
B. Bias-driven tunable barrier height
An important consequence of graphene Fermi level
variation with external bias (section V) is that the height
of barrier varies with bias voltage which is known as “tun-
able barrier height” in the literature [3, 5, 9, 26]. In effect,
the height of barrier decreases with reverse bias voltage
and vice versa. Since charge transport depends exponen-
tially on qϕ∗B , the reduction of barrier height leads to
noticeable increment of saturation current with reverse
bias voltage. From the above discussions it is clear that
the tunable barrier height stems from the internal poten-
tial of graphene. For the two special limits discussed in
section IV, by combining Eqs. (16), (26), and (33) the
tunable barrier height is obtained as
qϕ∗B = qϕB −
q2
g
LgN ×{√
(
s
g
Lg)2 + 2s
qN
(ψbi − V − kT
q
)− s
g
Lg
}
. (34)
There is a close relation between barrier height and junc-
tion capacitance. Differentiating Eq. (34) we get
d
dV
(qϕ∗B) =
q
g
Lg ×[
(
1
g
Lg)2 + 2
qsN
(ψbi − V − kT
q
)
]−1/2
. (35)
The term inside square brackets is just junction capaci-
tance [Eq. (28)] and the prefactor is the capacitance of
graphene [Eq. (30)]. It is more instructive to write the
foregoing result in the form
dϕ∗B
dV
=
C
Cg
. (36)
Hence, the derivative of barrier height with respect to
voltage is directly proportional to the junction capaci-
tance and proportionality coefficient is given by the in-
verse of graphene capacitance. Eq. (36) provides a direct
method to determine the capacitance (and hence, the
density of charge carrier, Fermi level, and built-in poten-
tial) of graphene in the graphene-semiconductor system.
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FIG. 5. Left: Relative magnitude of ∆φg with respect to
∆φF at doped graphene-silicon contact (V = −5 V ). Right:
Built-in potential of graphene, image-force, and total barrier
lowering versus bias voltage at the indicated regions in the
left panel.
Experimentally, qϕ∗B(V ) and C(V ) can be extracted from
temperature dependency of current-voltage characteris-
tics and capacitance-voltage measurements, respectively.
C. The impact of image-force
The image-force (or Schottky) effect is the image-
force-induced lowering of barrier height at metal-
semiconductor junction. The image-force lowering also
affects the barrier height at graphene-semiconductor in-
terface. In order to assess the impact of image-force ef-
fect, we may consider the bias-dependent term of barrier
height as (see Eq. (33))
q∆ϕB(V ) = q(∆φg + ∆φF ) , (37)
where q∆φg is the built-in potential of graphene (barrier
tunability effect) given by the second term in the RHS
of Eq. (34), and q∆φF is the image-force lowering effect
given by
∆φF =
[
q3Nψbi,s
8pi23s
]1/4
, (38)
with
ψbi,s = ψbi − V − kT
q
− ψbi,g . (39)
In the limit of undoped graphene, by combining Eqs.
(13), (19), and (38) we get
∆φg
∆φF
=
2pis~vF
q2
= 2.63 . (40)
Hence, the voltage dependency of barrier height at un-
doped graphene-semiconductor contact is modulated by
the graphene internal potential. For the other limit
of doped graphene, the relative impact of image-force
8with respect to the built-in potential of graphene is very
sensitive to N , n, and bias voltage. Fig. 5 represents
the relative magnitude of ∆φg with respect to ∆φF .
In the regime of doped graphene, ∆φg/∆φF increases
with the dopant concentration in semiconductor because
∆φg ∝ N1/2 while ∆φF ∝ N1/4. At a fixed dopant
concentration, ∆φg/∆φF decreases with the density of
charge carriers in the isolated graphene since ∆φg ∝ n−1.
For example, consider constant dopant concentration of
N = 1015 cm−3 in Fig. 5. At n . 1011 cm−2, ∆φg
is the dominant effect in the reduction of barrier height
(region I) whereas for n & 1012 cm−2 the barrier re-
duction is modulated by ∆φF (region III). In addition,
since ∆φg ∝ V 1/2 and ∆φF ∝ V 1/4, at the intermediate
densities (1011 < n < 1012 cm−2), there is a crossover
from ∆φF at low reverse voltages to ∆φg at high reverse
voltages (region II).
VII. INVERSION
Considering the work function of graphene at band-
crossing point (qφog = 4.6 eV ) [39] and the fact that
practical (CVD-grown) graphene samples are often unin-
tentionally p-doped with EF,g ≈ 50−200 eV , the contact
formation between graphene and n-type silicon may lead
to severe band bending at the silicon surface and result
in inversion. Upon inversion, the density of holes at the
surface of n-type silicon becomes higher than density of
excess electrons at the surface (weak inversion) or even
in the bulk of n-Si (strong inversion). The Formation
of inversion layer induces an internal p-n junction at the
surface of silicon and is of great importance for applied
purposes. By introducing Fermi potential energy of semi-
conductor as qΨB = EF,s−Ei (note that qΨB is defined
with respect to the intrinsic Fermi level Ei in the bulk
of semiconductor, see Fig. 1(a) and Fig. 1(b)), various
phases of silicon surface at graphene−n-Si contact may
be distinguished as: depletion if 0 < ψbi,s/ΨB < 1, weak
inversion if 1 ≤ ψbi,s/ΨB < 2, and strong inversion if
2 ≤ ψbi,s/ΨB .
The relative magnitude of built-in potential at silicon
surface with respect to the Fermi potential is presented
in the left panel of Fig. 6. The data of this plot is
obtained by numerical solution of Eq. (14) for p-doped
graphene−n-type silicon system. Depletion, weak inver-
sion, and strong inversion regions are indicated in the
figure. The surface tends to strong inversion with (i)
increasing the density of charge carrier in graphene and
(ii) decreasing the concentration of donors in silicon. The
rectangular window in this figure approximately indicates
the zone of practical samples which locates at the periph-
ery of weak and strong inversion. Right panel of Fig. 6
represents experimental data of total built-in potential
versus donor concentration of graphene−n-Si samples re-
ported by various groups [15, 26, 28, 35, 37, 40, 41]. Con-
sidering the onset of weak and strong inversion, we con-
clude that in all of the practical graphene−n-Si samples
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FIG. 6. Left: Different phases of silicon surface at p-doped
graphene−n-type silicon contact. Right: Experimental data
of (total) built-in potential versus dopant concentration ob-
tained in various experimental studies on graphene−n-Si. The
corresponding references are shown beside the data. The red
and black dash-lines indicate the onset of weak (and strong)
inversion at n = 1011 and 1012 cm−2, respectively.
the surface of silicon is inverted and almost in half of the
cases a strong inversion layer is developed at the surface
of silicon.
VIII. CONCLUSION
The standard model of semiconductor junctions is
developed to graphene-semiconductor contact. Due to
the finite density of states, a fraction of total built-in
potential is dropped across graphene layer. Nonethe-
less, the depletion region is constructed entirely on
the surface of semiconductor by the virtue of graphene
atomic thickness. In addition, the Schottky-Mott limit
and the sum rule of barrier heights are violated at
graphene-semiconductor contact. Considering the above
elements, it is instructive to refer this contact as
semimetal-semiconductor junction in order to distin-
guish it from the Schottky junction. The internal po-
tential of graphene serves as a criterion to recognize
semimetal-semiconductor and metal-semiconductor junc-
tions. The graphene-semiconductor contact approaches
to a true Schottky junction only in the limit of highly-
doped graphene.
Doping polarity of graphene and semiconductor (pgs =
pgps) play a crucial role in the built-in potential of
graphene. Diverse polarities (pgs = −1) give rise to
higher built-in potentials. The width of depletion re-
gion and the junction total capacitance are correlated,
respectively, with the Thomas-Fermi length of carriers
and the capacitance of graphene. The origin of large bar-
rier heights extracted form C-V measurements is demon-
strated. In an ideal condition, the difference between
the barrier heights extracted from C-V and current-
9temperature measurements is equal to the graphene in-
ternal potential. Also it is shown that the voltage deriva-
tive of tunable barrier is directly (inversely) proportional
to the junction (graphene) capacitance. This provides a
straightforward method to determine the electronic prop-
erties of graphene in the graphene-semiconductor system.
Additionally, the relative impact of image-force effect at
the graphene-silicon interface is studied. For undoped
graphene, the barrier lowering effect is modulated by
the graphene internal potential. In the limit of doped
graphene, however, the dominant mechanism is mainly
determined the density of charge carriers in graphene
and bias voltage. Finally, various surface phases at the
graphene-silicon interface are distinguished. A compar-
ison with experimental data uncovers the presence of
strong inversion layer at the surface of silicon.
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Appendix A: Work function of semiconductor
The work function of a n-type semiconductor is given
by
qφs = q(χ+ φn) = qχ+ (Ec − EF,s) . (A1)
Assuming a complete ionization, the density of free elec-
trons (nno) can be approximated by the concentration of
dopants (N) as
nno = Nc exp(−(Ec − EF,s)/kT ) ∼= N , (A2)
where Nc in the effective density of states at the edge of
conduction band. Rearranging Eq. (A2), one gets
qφn = Ec − EF,s ∼= (kT )Ln(Nc/N) . (A3)
Similarly, for a p-type semiconductor we have
qφs = qχ+ Egap − qφp , (A4)
qφp = EF,s − Ev , (A5)
ppo = Nv exp(−(EF,s − Ev)/kT ) ∼= N , (A6)
qφp ∼= (kT )Ln(Nv/N) , (A7)
where ppo, N , and Nv are the density of free holes, the
concentration of acceptors, and the effective density of
states at the edge of valance band.
Appendix B: The limit of doped graphene
The doped graphene-semiconductor contact is charac-
terized by n  Nw. Fig. B1 shows the magnitude of
n/(Nw) calculated by numerical solution of Eq. (14). To
a good approximation, the limit of doped graphene is
valid for N < 1016 cm−3 and n > 1012 cm−2.
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FIG. B1. The applicability domain of doped-graphene limit.
Major levels are indicated in the graph.
Appendix C: Electronic properties
Table C1 represents the electronic properties of
graphene and silicon used in the numerical calculations.
TABLE C1. Electronic properties of graphene and silicon.
Quantity Symbol Silicon Graphene
Dielectric constant  12 5
Work function (V) φog − 4.60
Fermi velocity (cm/s) vF − 108
Electron affinity (V ) χ 4.05 −
Band gap energy (eV ) Egap 1.12 −
Effective DOS in CB (cm−3) Nc 2.80×1019 −
Effective DOS in VB (cm−3) Nv 2.65×1019 −
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